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Recent interest in topological nature in condensed matter physics has revealed the essential role
of Berry curvature in anomalous Hall effect (AHE). However, since large Hall response originating
from Berry curvature has been reported in quite limited materials, the detailed mechanism remains
unclear at present. Here, we report the discovery of a large AHE triggered by a pressure-induced
magnetic phase transition in elemental α-Mn. The AHE is absent in the non-collinear antiferro-
magnetic phase at ambient pressure, whereas a large AHE is observed in the weak ferromagnetic
phase under high pressure despite the small averaged moment of ∼ 0.02µB/Mn. Our results indicate
that the emergence of the AHE in α-Mn is governed by the symmetry of the underlying magnetic
structure, providing a direct evidence of a switch between a zero and non-zero contribution of the
Berry curvature across the phase boundary. α-Mn can be an elemental and tunable platform to
reveal the role of Berry curvature in AHE.
Anomalous Hall effect (AHE) in systems with bro-
ken time-reversal symmetry is one of the fundamental
transport phenomena in condensed matter physics [1].
In general, the Hall resistivity ρyx is represented as
ρyx = ρ
N
yx + ρ
A
yx [2, 3]. Here, ρ
N
yx is the normal com-
ponent due to the Lorentz force, whereas ρAyx represents
the anomalous component observed in an ordered phase,
which becomes empirically larger when the system has a
larger spontaneous magnetization (M). Conventionally,
it is widely acknowledged that spin-dependent scatter-
ing processes in the presence of M (so called “extrinsic”
origins) result in the AHE [4–6]. On the other hand, a
recent interest in topological nature in condensed matter
physics has provided insight on the “intrinsic” origin of
the AHE [7], which is re-interpreted to be Hall response
due to the Berry curvature in the momentum space [8–
12]. The anomalous Hall conductivity σAxy is represented
by the Kubo formula as [10, 11]
σAxy = −
e2
~
∑
n
∫
dk
(2π)3
f [ǫn(k)]b
z
n(k), (1)
where e, ~, n, k, ǫn(k), and f represent the elemental
charge, reduced Planck constant, band index, wavevec-
tor, eigenvalues of the Hamiltonian, and Fermi-Dirac dis-
tribution function, respectively. bzn(k) represents the z-
component of the Berry curvature [13], which acts like
a magnetic field in the momentum space. The norm
and direction of bn(k) are determined only by the Bloch
state of the corresponding energy band. As Eq. (1)
presents, σAxy becomes non-zero when the integration of
the Berry curvature over the occupied states in the mo-
mentum space remains finite, regardless of the net M or
scattering events.
This mechanism is expected to cause a large Hall re-
sponse in antiferromagnetic (AFM) systems with certain
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symmetry conditions. A cubic non-collinear antiferro-
magnet Mn3Ir, whose Mn sublattice can be regarded
to as stacked kagome lattice along the [111] direction,
is theoretically expected to show large anomalous Hall
conductivity σAxy ∼ 200Ω
−1 cm−1 for its triangular spin
order [14]. This value is not at all inferior to that in
elemental ferromagnet Fe (1000Ω−1 cm−1) [15] despite
the absence of net magnetization. Although this pre-
diction has not fully been verified, a recent experiment
on Mn3Ir thin film reported anomalous Hall conductiv-
ity as large as σAxy ∼ 40Ω
−1 cm−1 at room tempera-
ture [16]. Similar large intrinsic AHE has been theo-
retically expected in hexagonal non-collinear antiferro-
magnets Mn3Sn and Mn3Ge [17], which have an inverse
triangular spin structure with quite small ferromagnetic
component. Actually, subsequent experiments [18–20] re-
vealed that the anomalous Hall conductivity is strongly
anisotropic, and reaches approximately σAxy ∼ 150Ω
−1
cm−1 and 400Ω−1 cm−1 in Mn3Sn and Mn3Ge, respec-
tively. Interestingly, recent progress has revealed possible
large AHE even in collinear antiferromagnets [21–23]. In
this context, the search for a large intrinsic Hall response
has gained increased attention not only to understand
the long-standing issue in condensed matter physics but
also to identify an application for a novel magnetic sensor
and memory device. However, such a large intrinsic AHE
is reported in quite limited materials presently. Thus, a
model material that enables to flexibly control the elec-
tronic structure by external parameters is desired.
Here, we report the discovery of a large AHE in α-Mn,
a stable form of elemental Mn at room temperature and
ambient pressure. α-Mn forms a body centered cubic
(bcc) structure that consists of 58 atoms in the bcc unit
cell with 4 non-equivalent Mn sites referred to as sites I,
II, III, and IV [Figs. 1(a)–(d)]. It belongs to the non-
centrosymmetric space group I 4¯3m. α-Mn is known to
exhibit an AFM transition at TN = 95 K [26, 27], in which
the magnetic moments on each Mn site (1.9, 1.7, 0.6, and
0.2 µB for sites I, II, III, and IV, respectively) form a
2FIG. 1. (a) Crystal structure of α-Mn. Blue, green, red, and
purple spheres represent sites I, II, III, and IV, respectively.
(b, c, d) Atomic configurations around site I. For sites I and
II, the orientation of the magnetic moments in the antiferro-
magnetic phase is also illustrated based on Ref. [24]. (e) P -T
phase diagram of α-Mn reprinted from Ref. [25]. TN and TA
represent the antiferromagnetic transition temperature and
pressure-induced phase transition temperature, respectively.
The red and blue symbols are from resistivity measurements
and the green symbols are from ac-susceptibility measure-
ments. The color plot displays the anomalous Hall resistivity
ρAyx obtained by the present study (see main text).
non-collinear AFM spin structure [24, 28–31]. Here, µB
represents a Bohr magneton. TN is rapidly suppressed by
the application of pressure, and another pressure-induced
phase characterized by the transition temperature TA ap-
pears above 1.4 GPa, which results in a double-stage
structure in the pressure–temperature (P -T ) phase di-
agram as shown in Fig. 1(e). Recently, a significant in-
crease in the ac-susceptibility in this high-pressure phase
was reported [25]; however, the details of the magnetic
structure remains uncertain. In the present study, we
identified that the high-pressure phase has a weak fer-
romagnetic (WFM) nature with quite a small magneti-
zation. An significant jump of ρyx, which is ascribed to
be the AHE, was observed only within the WFM phase.
Our results indicate that the occurrence of the AHE is
determined by the symmetry of the underlying magnetic
structure, which is a remarkable evidence of the switch
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FIG. 2. (a) Magnetization M at P = 2.0 GPa and T = 15
K. (b) Temperature dependence of M at 1.4, 1.9, and 2.6
GPa. External magnetic field of 20 mT was applied during
the measurements. ρyx at ambient pressure (c) and at 2.9
GPa (d) with B ‖ [101] and I ⊥ B.
between the zero and non-zero contributions of the Berry
curvature across the phase boundary.
Here, we first present the magnetic properties of the
pressure-induced phase (for details of single crystalline α-
Mn and the measurement methods utilized in this study,
see Supplementary Material). As shown in Fig. 2(a), a
small averaged magnetic moment M ∼ 0.02µB/Mn at
B = 100 mT and P = 2.0 GPa was identified, indicating
the WFM nature of this phase. As shown in Fig. 2(b),M
in the WFM phase is suppressed by further application
of pressure.
Subsequently, the Hall resistivity (ρyx) in magnetic
fields along [101] direction is focused. Figure 2(c) shows
ρyx at ambient pressure. The non-linear B-dependence
and sign inversion are assumed to be a trivial contribu-
tion in a system in which electrons and holes with dif-
ferent mobilities coexist. ρyx exhibits a remarkable non-
linearity at low temperatures, whereas it becomes almost
linear above 15 K. At ambient pressure, ρyx does not dis-
play any qualitative difference when T passes through
TN = 95 K. On the other hand, a remarkable jump
in ρyx in the WFM phase was observed, as shown in
Fig. 2(d). This strongly indicates that ρyx acquired
an anomalous Hall resistivity ρAyx associated with the
pressure-induced magnetic phase transition. The mag-
nitude of the jump becomes large at intermediate tem-
peratures and decreases as the temperature approaches
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FIG. 3. (a) Raw signal of Hall resistivity ρrawyx at 2.9 GPa
at several temperatures. ρrawyx is not anti-symmetrized as a
function of B and vertically shifted for clarity. Vertical broken
lines indicate B = ±10 mT. (b) Temperature dependence of
the anomalous Hall resistivity (ρAyx) at several pressures.
TA. The weak B-dependence of ρyx after the jump is
considered to be due to the normal components ρNyx, as
the qualitative trend is identical to that described in Fig.
2(c). The magnetoresistance measurements in the iden-
tical sample were simultaneously performed, the results
of which are provided in the Supplementary Material.
We further focus on the anomalous Hall part ρAyx and
the detailed temperature dependence. Figure 3(a) shows
ρrawyx within ±50 mT at 2.9 GPa. Note that ρ
raw
yx shown
in Fig. 3(a) is not anti-symmetrized as a function of
B. A jump in the vicinity of the zero-field occurs as the
temperature increases and approaches the maximum at
35 K. Subsequently, it is suppressed as the temperature
increases and vanishes with TA ∼ 47 K as the bound-
ary. The sign inversion with a finite hysteresis loop can
be realized by the application of |B| < 10 mT, indicat-
ing quite a small switching field. This switching field is
smaller than that reported for Mn3Sn and Mn3Ge, typ-
ically 10–100 mT [18, 20]. Within ±50 mT, the contri-
bution of ρNyx is negligibly smaller than the magnitude
of the jump. Therefore, ρAyx can be defined as [ρ
raw
yx (50
mT)−ρrawyx (−50 mT)]/2. As summarized in Fig. 3(b)
and color plot in Fig. 1(e), ρAyx in the WFM phase can
be extensively controlled by P and T (Data utilized to
construct Fig. 3(b) is displayed in Supplementary Mate-
rial). ρAyx reaches the maximum near the boundary be-
tween the AFM and the WFM phases, and subsequently
decreases as the pressure increases.
Here, a possible magnetic structure realized in the
WFM phase is discussed. In the AFM phase, the mo-
ments at sites I and II are relatively larger than those at
the other sites, and thus, these two major sites are fo-
cused for simplicity. As shown in Fig. 1(b), site I, whose
moment is parallel to [001] direction, is included in a
tetrahedron formed by site II. The moments of site II are
directed nearly opposite but slightly deviate from [001].
The moments owing to the tetrahedron located at the
corner and center of the bcc unit cell cancel each other,
which results in a non-collinear AFM phase at the am-
bient pressure. As the averaged magnetization in WFM
phase is small compared to those of each Mn sites in AFM
phase, a simple ferromagnetic order, in which all of the
moments at each site align the same direction should be
excluded from possible candidates. Since previous the-
oretical calculation [30] suggests compression-dependent
change of the AFM configuration, it is reasonable to re-
gard the WFM phase as a magnetic order with a slight
change from the AFM phase. One of possible candi-
dates for WFM phase can be considered, in which the
tetrahedra at the center and corner of the bcc unit cell
ferromagnetically align. Considering the observed small
averaged moment, the moments by sites I and II should
mostly cancel each other, whereas the residual magneti-
zation can emerge as the cancellation between the center
and the corner of the bcc lattice is disabled in this con-
figuration. The above picture is proposed as a possible
candidate of the WFM phase, which should be clarified
by further studies in the future.
Subsequently, the AHE observed in the WFM phase is
discussed. As mentioned above, the AHE can be caused
by both extrinsic and intrinsic origins. In the present
case, it is unlikely to occur such a drastic enhancement of
impurity scattering effect by pressure only in the WFM
phase. Thus, our results remarkably display that the
WFM phase possesses a large non-trivial contribution of
the Berry curvature that do not cancel out by the in-
tegration in Eq. (1), in contrast with the AFM phase.
In the following, we quantitatively demonstrate that the
large AHE observed in the WFM phase originates from
the intrinsic effect.
According to a previous study [7], the intrinsic mech-
anism predicts that ρAyx ∝ ρ
2, where ρ represents the
resistivity at zero-field. Figure 4(a) shows the variation
of ρAyx as a function of ρ (ρ of the utilized sample is pro-
vided in Supplementary Material). The traces at 2.4,
2.9, and 3.4 GPa are better applied to the quadratic re-
lation rather than linear one, which is consistent with the
intrinsic mechanism. At 3.8 GPa in Fig. 4(a), ρAyx devi-
ates from the quadratic relation and approaches ρ-linear
relation.
To obtain further insight, we discuss the anomalous
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FIG. 4. (a) Log-log plot of the anomalous Hall resistivity ρAyx
as a function of resistivity ρ. Broken lines represent the slope
of n = 2 and n = 1 cases assuming ρAyx ∝ ρ
n. (b) Anomalous
Hall conductivity (σAxy) as a function of conductivity (σxx).
Horizontal broken line indicates σAxy = e
2/(ha) = 440 Ω−1
cm−1 using a = 8.841 A˚ (see main text).
Hall conductivity σAxy. As described above, the intrinsic
σAxy should be independent of τ as it depends only on the
Bloch state. Figure 4(b) shows σAxy = ρ
A
yx/(ρ
2 + ρAyx
2
) as
a function of σxx = ρ/(ρ
2 + ρAyx
2
) ∼ 1/ρ ∝ τ . Although
σxx varies nearly an order of magnitude, σ
A
xy remains
almost constant except at 3.8 GPa, indicating that the
AHE is irrelevant to τ . In the present understanding of
AHE, the dominant mechanism varies depending on the
relationship between Fermi energy EF , spin-orbit inter-
action energy ǫSO, and relaxation time τ of the system
[32–34]. The skew scattering [4, 5] can be dominant in
a super clean case (~/τ ≪ ǫSO), and decays as ~/τ in-
creases compared to ǫSO. In the intermediate scattering
strength (ǫSO < ~/τ < EF ), the σ
A
xy is mainly governed
by the Berry curvature, and takes almost universal value
e2/(ha) ∼ 100-1000 Ω−1 cm−1, where a is a lattice con-
stant. This value is qualitatively explained by assuming
the existence of band anticrossing point in the vicinity
of the Fermi level, which acts as a magnetic monopole
in the momentum space [11, 32, 34]. Obtained σAxy in
the WFM phase is less sensitive to pressure and con-
sistent with e2/(ha) = 440 Ω−1 cm−1 using a = 8.841
A˚ at 3.2 GPa [35] [depicted with broken line in Fig.
4(b)]. σAxy in the WFM phase of α-Mn is comparable to
those of Mn3Sn (∼ 150Ω
−1 cm−1), Mn3Ge (∼ 400Ω
−1
cm−1), and approximately half of that in elemental Fe
(∼ 1000Ω−1 cm−1). We also note that Fig. 4(b) is
quantitatively in agreement with the unified diagram of
anomalous Hall physics [32–34, 36]. At 3.8 GPa in Fig.
4(b), σAxy slightly deviates from the constant, which may
relate on the cross-over from intrinsic to skew scattering
mechanism.
In summary, a large anomalous Hall effect accompa-
nied by the pressure-induced magnetic phase transition
in α-Mn was discovered, which is the direct experimental
evidence of Berry-curvature-associated anomalous Hall
effect. Despite the small spontaneous moment of ∼ 0.02
µB/Mn, the anomalous Hall conductivity reaches 400-
600 Ω−1 cm−1 in the weak ferromagnetic phase under
pressure, which is comparable to non-collinear antiferro-
magnetic Mn3X family. The anomalous Hall resistivity
can be inverted by a miniscule switching magnetic field
less than 10 mT, and its magnitude can be widely con-
trolled by external parameters. The anomalous Hall con-
ductivity is nearly independent of the relaxation time of
impurity scattering, which supports the dominant contri-
bution of the Berry curvature in the weak ferromagnetic
phase. α-Mn provides an elemental and tunable platform
to unravel the large intrinsic Hall response by Berry cur-
vature. The present situation appears to be quite similar
to that in Mn3Sn and Mn3Ge, in which a large intrin-
sic AHE emerges under a weak but finite M . In recent
studies related to Mn3Sn, the existence of the Weyl point
in the momentum space [37, 38] and a concept of cluster
multipole moment [39] are proposed to explain the giant
Hall response. The specific origin of the non-zero con-
tribution from the Berry curvature in pressurized α-Mn
remains an open question for future studies.
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